data. In all cases the modified logistic and modified Gompertz failed to reproduce the observed 48 linear plots of the log initial inocula against TTD using the known parameters (initial inoculum, MPD 49 and growth rate). The 3 phase linear model (3PLM), Baranyi and classical logistic models fitted the 50 observed data and were able to reproduce elements of the OD incubation-time curves. Using a 51 calibration curve relating OD and microbial numbers, the Baranyi This document may not be reproduced or disclosed to third parties without prior authorisation.
Introduction:
60 A fundamental aspect of predictive microbiology is the shape of the microbial growth curve. 61
General population growth can be modelled using the logistic model and variations of this model 62 have been used in many diverse areas such as the analysis of fish stocks, forestry management 63 and human population growth (e.g. Alexandrov 2008 ). The general pattern of growth is sigmoidal, 64
with an apparent slow phase followed by a more rapid increase in numbers followed by a slowing 65 down, finally reaching a maximum population level. In most texts it is noted that the growth of 66 bacteria also follows a similar pattern: a lag before replication, followed by exponential growth and 67 then a period of maximum population density eventually followed by the 'death-phase'. A major 68 difference is that the microbial growth curve is depicted in terms of log numbers of microbes. The 69 microbial growth curve (as log numbers) has the characteristic sigmoid shape and the varieties of 70 models which are used to fit the curve reflect this sigmoid character. There are two principal 71 empirical curves used -the symmetric modified logistic and the asymmetric modified Gompertz 72 ('modified' by virtue of using log numbers rather than numbers explicitly). Many models in the 73 microbiological literature are variations on these two themes (Li et The Baranyi model, however, is different to the normal growth models in that it is based on the 77 logistic model of growth, but has an additional function which deals with the presence of lag 78 making it a non-autonomous differential equation (Baranyi et al., 1993 (Baranyi et al., , 1993b 
MICROBES

110
From a previously prepared and stored slope on tryptone soya (TSA) of the pure culture of L. 111 monocytogenes (Lm 252 an industrial isolate donated by Nestlé), a portion was removed with a 112 sterile loop, transferred into a conical flask containing 80 ml tryptone soya broth (TSB) and 113 incubated with shaking (150 rpm) at 30°C overnight. The resulting culture was split into four 114 portions and centrifuged at 500g for 10 minutes. Two of the resulting pellets were resuspended in 115 TSB (2 ml) and pooled. The resuspended culture (1ml) was transfer into TSB (9ml) in a universal 116 tube and mixed thoroughly; 1ml of this suspension was diluted in TSB to obtain a standard optical 117 density of approximately 0.5 with a 1cm path length at 600nm (M350 Double Beam U.V. Visible 118 Spectrometer). From the standardised culture a series of decimal dilutions were prepared in TSB 119
(labelled 0 to -9). 120
PREPARATION OF MICRO-ARRAY PLATES
121
The Bioscreen micro-array plates were filled as follows: all wells except column 10 received 200µl 122 of TSB. The wells of column 10 received 400µl of the appropriate serial dilutions (with the highest 123 inoculum (the zero dilution) in well 100. Using a multi-pipette, 200µl were removed from each well 124 of column 10 and transferred into the wells of column 9, the -1 dilution, mixed by repeated 125 syringing, etc. This was repeated across the plate discarding the excess 200µl after final mixing. 126
Theoretically for an initial inoculum of 1x10 9 cfu/ml, this method will give a range from 9 log 10 to -127 2.7 log 10 cfu/ml. The OD of a sample in the Bioscreen is dependent on the volume used: a 128 standard OD of 0.5 measured in the spectrophotometer has an OD of 0.29 at 600nm for a volume 129 of 200µl in the Bioscreen. 130
Plates were typically incubated for 1 to 3 days, with the optical density of the wells being read at 131 600nm every ten minutes. 132 133 This document may not be reproduced or disclosed to third parties without prior authorisation.
EFFECT OF PH
Three phase linear Model (3PLM)
164
The 3-phase linear model is a simplified model of the growth curve. Its simplicity has been 165 regarded by some as its strength and too simplistic by others (Baranyi 1997; Buchanan et al. 1997 ; 166
Garthright 1997). The 3-phases are given by the following; 167 log N = log N 0 if t ≤ t  else 168 log N = log N 0 + (t -t  ) if t: t  ≤ t < t max else 169 log N = log N max , when t ≥ t max 170
The parameter t  is the duration of lag time. This equation can be rearranged to equate the initial 171 log inoculum with the time to detection of a known number of microbes per ml (N D ), 172 
FITTING THE MODIFIED LOGISTIC AND GOMPERTZ MODELS TO OD DATA
206
From a plate count the MPD of the Listeria monocytogenes culture was 9.8 log 10 cfu/ml, the initial 207 inoculum size for each well was calculated from the plate count of the initial inoculum and the 208 dilution sequence used. From the OD data, the specific growth rate and lag were obtained, hence 209 all the parameters required to reproduce the growth curve using either the modified logistic or 210
Gompertz equations were present. Equations 1 and 2 were used to calculate the TTD for the given 211 initial inocula using the observed parameters. A plot of the calculated TTD (TTD calc ) against the 212 initial inocula gave a regression fit of TTD calc = -125.53 logN 0 +1087.7, r 2 = 0.999 and TTD calc = -213 144.6 logN 0 +1235, r 2 = 0.997 for the modified logistic and Gompertz equations respectively. The 214 gradients were 16% and 33% greater for the modified logistic and Gompertz respectively over that 215 CONFIDENTIAL: Cranfield Health: Applied Microbiology This document may not be reproduced or disclosed to third parties without prior authorisation.
by regressing the growth rate and lag, this gave growth rates of 0.0107 and 0.0122 log 10 cfu/ml/min 218 with a lag of 17 and 31 mins, respectively, but the gradient of the calculated TTD/ log initial 219 inoculum plots were now equal to the observed (-108.5 log 10 cfu/ml/min). Hence there is a 220 discrepancy between the fit of the modified logistic and Gompertz equations with the interpretation 221 of the observed values. 222
223
Multiple growth curves were produced in-silico using the observed rate, lag and the known initial 224 inocula and MPD. The calculated log numbers were transformed to numbers per ml and plotted 225 against time. If the modified Gompertz equation was an adequate descriptor of the observed data 226 then congruent plots should be observed. However, as the initial inocula decreased the modelled 227 curves became shallower, i.e. they do not reflect the observed OD curves (note a calibrant which 228 transforms the number to an OD will result in the same conclusion). The analyses performed were 229 also carried out using the modified logistic equation, resulting in the same conclusion: the modified 230 logistic model cannot reproduce the congruent shapes of the observed OD curves shown in Figure 231 TTD against the initial inocula gave a regression fit of TTD calc = -108.5 logN 0 +965.6, r 2 = 1.00, i.e. 239 the 3PLM reproduced the observed TTD data and (by definition) was a straight line fit. 240
241
Using the full form of the 3PLM, multiple growth curves were produced in-silico using the 242 calculated rate, lag and the known initial inocula and MPD. The calculated log numbers were 243 transformed to numbers per ml and plotted against time. In this case the 3PLM produced 244 congruent curves and reproduce the initial shape of the OD curves (data not shown); however, 245 since the model gives only exponential growth until MPD is reached, i.e. there is no slow down in 246 the rate of growth, the discrepancy between the shapes of the observed OD and calculated 247 numbers quickly increases. In this case the 'simple' is good enough to fit the TTD data but notCONFIDENTIAL: Cranfield Health: Applied Microbiology This document may not be reproduced or disclosed to third parties without prior authorisation.
FITTING OF THE BARANYI MODEL TO OD DATA
251
The Baranyi model cannot be used to explicitly obtain the TTD for a given set of parameters, 252 although this can be easily solved numerically. To fit the Baranyi model to the observed TTD data, 253 and obtain a growth rate and lag, the observed TTD was used as the independent variable and the 254 model used to fit the difference between the size of the detection inoculum and the initial inoculum. 255
The estimated growth rate was 0.00918 log 10 cfu/ml/min (95% CI:0.00910 -0.00927), with a lag of 256 -17.3 mins (95% CI: -21.8 to -12.9). 257 258 The Baranyi model was also used to generate multiple growth curves in-silico, using a growth rate 259 of 0.00922 log 10 cfu/ml/min, a lag of zero minutes along with the given MPD of 9.8 and the size of 260 the known initial inocula. The time taken to reach the inoculum detection value of 8.9 for all the 261 simulated growth curves was obtained numerically using a simple linear interpolation procedure. 
EFFECT OF PH
316
An initial log 10 inoculum of 5.4 (determined from plate counts) was used to study the effect of a 317 range of pH (7.05 to 3.46) on growth. No visible growth was observed during the 3 day incubation 318 at 30 o C at pH 4.42 or less. As the pH was reduced, the OD maximum was reduced and the rate of 319 change of OD also decreased. An analysis of the numbers per ml at an OD = 0.2 at pH 5.03, 4.95, 320 4.88 and 4.68 gave an average of 8.8 log 10 cfu/ml. There was no statistical difference between the 321 numbers obtained at the lower pH at OD = 0.2 and at the more optimal pH values. The OD data at 322 pH 6.95 were fitted with the Baranyi equation in concert with the calibration equation. Although the 323 initial log inoculum size was determined as 5.4 from plate counts, from the TTD/log initial inoculum 324 calibration curve obtained at 30 o C a count of 5.5 was expected. The initial log cfu/ml was held at 325 5.5 and the specific growth rate, lag and the maximum population density were obtained by 326 regressing the calculated OD against the observed, Figure 6 displays these results. Table 2 gives 327 the parameters obtained; in no case was a significant value for a lag observed (i.e., in all cases the 328 confidence interval for the calculated lags included zero). major feature of the model has been the assignment of the so-called pre-exponential factor which 362 relates the fitness of an organism to thrive in an environment relative to another. If there is no 363 difference between environments then the theory states that there should be no lag if the organism 364 is transferred from one to the other and therefore the basic logistic model should apply -which is 365 the default for the Baranyi model. 366
367
The TTD data produced using the multiple inocula technique described could be well fitted using 368 the 3-PLM, the Baranyi and the logistic (with or without lag), the parameters obtained were 369 consistent between models and reflected the observed gradients well. Further, using a simple 370 conversion between OD and numbers (cfu/ml), the basic features of the OD/time plots could be 371
reproduced with these models. The rescaling functions (Eqs. 6a and 5b) overcome the peculiar 372 problem described by Baranyi and Roberts (1995) : that direct fitting of viable count data to turbidity 373 or conductivity data or vice-versa should not be considered without additional information being 374 available. The calibration curves used in this work can be used since they are obtained indirectly 375 from pre-knowledge of the initial inoculum size, the maximum population density and the maximum 376 specific growth rate. 377
378
The modified logistic and modified Gompertz equations, however, failed to fit the observed data 379 and could not reproduce the observed OD/time plots. A simple simulation of growth data with a 380
given  max , lag and MPD for a number of initial inocula was produced using the modified Gompertz 381 This document may not be reproduced or disclosed to third parties without prior authorisation.
3.5x10
6 cfu per Bioscreen well for a given growth rate. Observed data had the theoretical growth 430 rate but had greater TTD values since a lag was present. The observed data at pH 7.2 gave a 431 regression fit of TTD 30oC = -132.84 log 10 Io + 1221, but was quoted in terms of cfu per well, which 432
were filled with 350l of culture. The growth rate obtained was very similar to that obtained from 433 the data observed in this report (-127.09 ), but the intercept was higher than was found (in terms of 434 cfu/ml, the intercept was calculated to be 1281 mins, whereas a value of 1122+/-4.6 was observed 435 in this study). At lower pH, the growth rate reduces and according to McKellar 
